Background {#Sec1}
==========

Autism Spectrum Conditions (ASC) are characterized by such deficits in social communication and interaction as the difficulty in understanding another person's perspective, reduced use of verbal and nonverbal signals to regulate interaction, reduced use and understanding of gestures, abnormalities in body language, and difficulties in reciprocal, cooperative social play \[[@CR1]\].

ASC cooperative behavior has usually been investigated in one of two ways: (1) via high-order cognitive tasks requiring participants to make a decision after having inferred something about their partner's choices, as in computer-based social hunting games \[[@CR2]\] or the prisoner's dilemma \[[@CR3]--[@CR5]\]; or (2) via motor tasks requiring participants to take turns, foresee their partner's actions and possibly modify their behavior, e.g., passing an object while taking the partner's starting comfort state into account \[[@CR6], [@CR7]\].

Very few studies have tested ASC participants in on-line cooperative motor tasks in which they have to coordinate their actions with those of a partner to achieve a common goal. Distinctive features of realistic interpersonal coordination include the need to predict, imitate, or complement what a partner will do \[[@CR8], [@CR9]\], as well as the need to signal one's intentions to the other by modulating movements' kinematics \[[@CR10]--[@CR15]\]. These processes are managed according to contextual conditions such as, for example, who is the leader of an interaction and who is the follower required to adapt \[[@CR16]--[@CR20]\].

Coordination strategies to achieve successful interactions are likely based on a variety of motor, social, and cognitive skills. In particular, it has been proposed that on-line prediction of and adaptation to another person's action may rely on a sensory-motor simulation of the observed action \[[@CR21]--[@CR24]\] that is integrated into one's own action plan \[[@CR25]--[@CR28]\]. On-line, reciprocal time- and space-coordination represents a strong test case for social skills, as it requires predictive and sensorimotor monitoring processes to be coupled with higher order social functions (e.g., joint attention, role taking, theory of mind, visual perspective taking) that are impaired early on in the development of ASC individuals \[[@CR29]\].

Some studies investigating on-line motor coordination in ASC showed that ASC children are less able than children with developmental delay to coordinate their actions when completing simple motor interactive tasks that require two persons in cooperation to make an object/toy function \[[@CR30], [@CR31]\]. Other research has employed a dynamical approach to investigate social synchronization performances in children and adolescents with ASC. Using a paradigm already tested with adult participants \[[@CR32]\], Marsh \[[@CR33]\] measured the amount of spontaneous interpersonal synchronization that occurred between children with ASC and their parents while sitting on rocking chairs and compared their findings to dyads of parents-children with typical development. Their results indicate that children with ASC showed less entrainment with their parents compared to controls. Similarly, in a study that used a pendulum coordination paradigm, it was shown that children and adolescents with ASC engage in less synchronized behavior than controls, specifically in the anti-phase condition \[[@CR34]\]. Taken together, these studies suggest that low-level attentional and motor deficits in individuals with ASC may prevent them from experiencing connectedness with others through spontaneous synchronization. Such synchronization may be a first step toward the ability to coordinate and cooperate with others. Stoit and colleagues \[[@CR35]\] measured motor performance while two participants (either two ASC or two control children or adolescents) worked together to lift a virtual bar without dropping the virtual ball placed on top of it. Participants could either use a single joystick to control the movement of one side of the bar, or two joysticks to control both sides. Results showed that ASC participants did not slow their reaction times in movement onset to accommodate their partner. They also favored the single joystick condition for its stronger sense of agency compared to the two joystick condition, and they were less able to synchronize their responses, causing the ball to drop shortly after movement onset. Despite the use of joysticks in their task, which reduces the impact of sensory-motor simulation, Stoit and colleagues \[[@CR36]\] interpreted their results as evidence for the reduced ability of ASC participants to predict and coordinate their actions with a partner. These findings are in line with impaired internal modeling in ASC \[[@CR37]\].

Importantly, no study has tested whether autistic traits impact sensory-motor simulation used to predict a partner's behavior and adapt to it, or the ability to modulate one's own motor behavior depending on the role played in the interaction. Our study investigates the motor cooperative behavior of ASC and neurotypical individuals during an on-line joint action task in order to address these questions for the first time.

We applied our cooperative joint action task (social interactive task \[[@CR18]\]) by asking pairs of ASC and neurotypical participants to coordinate in space and time in order to synchronously grasp a bottle. Participants could either have a leader role, in which they were told what specific movement to perform toward the bottle (instructed condition) or a follower role, which required on-line adaption to their partner and the performance of same/opposite movements (adaptive condition). Our aim was to test whether autistic traits modulate (i) participants' ability to adjust their behavior depending on their interactional role and (ii) sensorimotor simulation tested by comparing same and opposite movements. We predicted that participants, depending on their role in the interaction and their degree of autistic traits, would differently recruit prediction and adaptation strategies in order to ease motor cooperation and facilitate on-line interpersonal coordination. To distinguish between social interactive performance and baseline level of motor, perceptual, and executive abilities, we used a newly developed non-social task in which participants had to coordinate their reach-to-grasp movements with a non-biological stimulus.

Participants {#Sec3}
------------

We tested 19 pairs of same sex, adult participants (Table [1](#Tab1){ref-type="table"}). Each pair consisted of one neurotypical (NT) participant and one ASC participant without cognitive disability. All participants took part in both experiments (i.e., social interactive task and non-social task).Table 1Participants\' demographic information and symptoms\' severityASC\
*N* = 16NT\
*N* = 16*t* testSex ratio female:male3:133:13--Mean age (age range)26.1 (18--42)29.6 (17--49)*t*(30) = −1.11, *p* = 0.27Mean Autism Quotient31.9 (6.7)10.3 (5.3)*t*(30) = 10.2, *p* \< 0.001ADOS\
Social Interaction and Communication12 (5--17)----

Participants' cognitive ability was assessed by either the Raven's Standard Progressive Matrices test (RSPM) \[[@CR38]\] or the Italian version of the Wechsler Adult Intelligence Scale Revised (WAIS-R) \[[@CR39]\] (see Additional file [1](#MOESM1){ref-type="media"}: Table S2 for individual scores). All participants had an IQ within the normal range (RSPM ASC: *N* = 9, mean = 97 range = 71--100; NT: *N* = 9, mean = 94.5 range = 79--100; WAIS ASC: *N* = 5, average full-scale IQ = 88.8, range = 75--98). IQ scores were not available for one NT and two ASC participants. As these participants had all received a master's degree, we considered them to be within the normal range. ASC participants received an Asperger syndrome diagnosis according to DSM IV criteria \[[@CR1]\] and completed the Autism Diagnostic Interview-Revised \[[@CR34]\] and/or the Autism Diagnostic Observation Schedule-Generic \[[@CR40]\] (see Additional file [1](#MOESM1){ref-type="media"}: Table S1). It was not possible to run the ADI-R with the parents of 5 ASC participants. Before the experiment, all participants completed the Autism Quotient questionnaire, which measures the number of autistic traits in adults \[[@CR41]\].

Two pairs were excluded from analyses as they showed outlier kinematic or behavioral values with respect to the group mean; one pair was excluded due to data loss. Our final sample consisted of 32 participants (Table [1](#Tab1){ref-type="table"}). Both females (*N* = 6) and males (*N* = 26) were included for recruitment convenience.

In nine of the pairs, participants already knew each other, while participants in the seven other pairs were informed about their diagnostic status and familiarized with each other for 1 h before the experiment began.

The study was approved by the local ethics committee at IRCCS Fondazione Santa Lucia and conducted in accordance with the Declaration of Helsinki. Participants gave informed consent prior to participation in the study and were paid for their time.

Methods {#Sec24}
=======

Experiment 1: social interactive task {#Sec4}
-------------------------------------

In experiment 1, we aimed to test individual motor behavior and pair coordination in a joint cooperative task \[[@CR18]\] in which participants were asked to grasp a bottle-shaped object placed in front of them (one for each participant) as synchronously as possible with their partner. The experiment lasted approximately 1.5 h. Participants were either told where to grasp the bottle (instructed condition) or required to on-line adapt to their partner's movement (adaptive condition). Fifty percent of the time, participants were asked to perform movements opposite to those of their partner (opposite vs. same).

This task allowed us to measure whether autistic traits modulate (i) participants' ability to strategically change behavior in the adaptive vs. instructed condition or (ii) recruitment of on-line sensory-motor simulation when performing same vs. opposite movements.

### Exp. 1 ﻿Methods Exp. 1 setup {#Sec5}

Participants sat at either side of a table equipped with start buttons, bottle-shaped objects, go/feedback LEDs, and a monitor to provide task instructions and performance feedback after each trial (Fig. [1](#Fig1){ref-type="fig"}).Fig. 1Setup of the social interactive task. Here, participants perform an opposite trial. The participant on the right is going to grasp the upper part of her bottle-shaped object via a precision grip while the participant on the left is going to grasp the lower part of her bottle-shaped object via a power grip

The bottom part of the bottle had to be grasped with a power grip while the top part had to be grasped with a precision grip. Grasp time was recorded by two copper plates placed at the bottom and top of the bottle.

### Exp. 1 procedure {#Sec6}

In each block participants took one of the following two roles in counterbalanced order:Instructed: participants were told where to grasp their object before starting their movement. Through headphones, they heard either the word "down" (i.e., grasp the bottom part of the bottle via a power grip) or "up" (i.e., grasp the top part of the bottle via a precision grip). Participants had to on-line *adapt in time* to their partner (i.e., no need to on-line change the target of their movement) in order to correctly perform the task and maximize interpersonal synchrony in touching the object.Adaptive: participants did not know where to grasp their object in advance, having to on-line select their movements based on the movement of their partner. Through headphones, they heard either the word "opposite" (i.e., grasp the bottle in the opposite location your partner does) or "same" (i.e., grasp the bottle in the same location your partner does). Participants had to take their partner's movement into account and on-line *adapt in both space and time* to it in order to correctly perform the task and maximize interpersonal synchrony in touching the object.

In each experimental block, participants knew which role they were to play by way of color-coded instructions displayed on the monitor at the beginning of each block, as well as a color-coded flag placed next to their start button throughout the entire block (Fig. [1](#Fig1){ref-type="fig"}).

#### Trial timeline {#FPar1}

Participants heard their instructions via headphones. They could start their reach-to-grasp movement when a pair of LEDs placed near the right hand of their partner turned from red to green.

Asynchrony between participants' grasps was calculated as the absolute time interval between the two participants grasping times on their bottle-shaped objects (grasping asynchrony, see the "[Exp 1 data processing](#Sec9){ref-type="sec"}" section). Performance feedback was provided via LEDs (green = win, red = loss) and displayed on the monitor (i.e., "1 point" or "0 point" and the amount of asynchrony in milliseconds). To encourage participants' commitment during the task, monetary reward depended on points collected and average level of synchrony.

Pairs earned a point when their asynchrony in grasping the objects was smaller than a variable time window tailored to pair performance via a staircase procedure. This caused the task to become harder as participants improved in their coordination performance, allowing us to control for task difficulty and learning effects.

The experimental procedure was controlled by an E-Prime script that randomized conditions, and allowed us to on-line record start time, grasp time, grasp location, as well as to provide auditory instructions and performance feedback.

#### Task structure {#FPar2}

Pairs performed 4 adaptive/instructed blocks of 32 trials each (128 trials in total, 16 per condition). Role (instructed/adaptive) was fixed within blocks and counterbalanced between participants, while congruency (opposite/same) and position of the target (down/up) were pseudo-randomized within block in order to avoid more than 4 consecutive opposite/same and 2 down/up trials. Experimental design was therefore a 2 role (instructed/adaptive) × 2 congruency (opposite/same) × 2 position (down/up) within-subject design.

### Exp. 1 data processing {#Sec7}

Only correct trials were entered in the analysis (i.e., incorrect trials, in which at least one of the participants performed a wrong movement, were used to estimate pair accuracy; see below). Trials were discarded when at least one participant in the pair started his/her movement before the instructions, or if one of the grasps was not effective in closing the circuit, thus preventing touch time collection (mean % per pair = 17, SD = 9, range = 6--34%).

#### Pair performance {#FPar3}

For each trial, we considered the following behavioral measures of pair performance:Pair accuracy (ACC): percentage of trials in which both participants grasped their object in the correct location.Grasping asynchrony (ms) (GraspAsynch): trial-by-trial absolute time interval between each participant's grasp (hand contact) of the object \[abs(participant1_grasp time − participant2_grasp time)\].Difference in reaction times (ms) (∆RT): trial-by-trial time interval between the release of the start button by the participant in the adaptive role and that of the participant in the instructed role (**∆**RT = adaptive RT − instructed RT).

#### Individual performance {#FPar4}

For each trial, we considered the following behavioral measures of individual performance:Reaction time (ms) (RT): interval between auditory instruction delivery time and start button release time.Movement duration (ms) (MD): interval between start button release time and grasp time.

For each dependent variable, participant, and condition, we excluded values that fell 2.5 standard deviations (s.d.) above or below the mean as outliers. Z-transformation within participant/couple and across conditions was performed on all dependent variables but **∆** *RT*, as it would not have allowed us to investigate trial-by-trial time course of pair interaction.

Movement's spatial kinematics (max index-thumb aperture, max wrist height) was also recorded with a SMART-D motion capture system (Bioengineering Technology & Systems (B\|T\|S)). See Additional file [1](#MOESM1){ref-type="media"} for methods and results.

### Exp. 1 data analysis {#Sec8}

In our social interactive task, we wanted to investigate behavioral changes outside the classic and often limiting case-control framework. When possible, we thus analyzed the data from all participants collapsed via an ANOVA with the number of autistic traits (AQ) as continuous predictor.

We report parametric repeated measures ANOVA when variables are all normally distributed (Shapiro-Wilk's test) or when their skewness and kurtosis can be considered normal \[[@CR42]\]. This is the case for grasping asynchrony, delta reaction time, and movement duration. For the latter variable, being it a measure of individual performance, the analysis also includes the number of autistic traits (AQ) as a moderator.

For reaction time, we report in the main text parametric ANOVA with AQ as a continuous predictor because (i) deviation from normality is minor, (ii) parametric analyses suggest a role for the AQ in mediating the effects, (iii) nonparametric results generally confirm nonparametric ones, and (iv) there is not a simple non-parametric counterpart of mixed model ANOVA nor of ANOVA with a continuous predictor (in our case, the AQ). We include nonparametric analyses in the Additional file [1](#MOESM1){ref-type="media"}.

Lastly, we report nonparametric analysis when the majority of variables are not normally distributed (Shapiro-Wilk's test) and their skewness and kurtosis are not normal \[[@CR42]\].

#### Pair performance {#FPar5}

ACC entered nonparametric, repeated measure, Friedman ANOVA, and, if significant, we ran nonparametric Wilcoxon matched pair tests.

GraspAsynch and ∆RT entered separate repeated measures analyses of variance (ANOVAs) with 2 role (instructed/adaptive) × 2 congruency (opposite/same) as within-subjects factors. In pair performance analyses only, (i) position (down/up) was collapsed because 50% of trials (i.e., in the opposite condition) involve one participant going down while the other going up; and (ii) role was coded according to the role of the ASC participant, i.e., the trial was coded as adaptive when the ASC participant of the pair had the adaptive role.

#### Individual performance {#FPar6}

RT and MD entered separate repeated measures ANOVAs with 2 role (instructed/adaptive) × 2 congruency (opposite/same) × 2 position (down/up) as within-subjects factors and the autism quotient \[[@CR41]\] scores as moderator. The use of the AQ as a moderator in the analyses on individual performance allowed us to test all participants on a continuum and investigate the influence of autistic traits across the entire spectrum from neurotypical to neurodiverse behavior. The AQ moderator was centered across all subjects, i.e., individual AQ score − group mean AQ (21.06) \[[@CR43]\].

As a control analysis, we also divided participants depending on their diagnosis and entered the same dependent variables in a mixed model ANOVA with 2 role (instructed/adaptive) × 2 congruency (opposite/same) × 2 position (down/up) as within-subjects factors and group (ASC/NT) as between subjects factor (see Additional file [1](#MOESM1){ref-type="media"}).

All tests of significance were based upon an α level of 0.05. Significant interactions and main effects were analyzed by Newman-Keuls post hoc tests. In order to make the role of the AQ continuous predictor easier to interpret, significant interactions including the AQ were further tested using a correlational approach. From each correlation, participants with absolute standard residuals greater than 2 (range −2.34--2.48) were removed as outliers.

Results {#Sec25}
=======

Exp. 1 {#Sec9}
------

### Pair performance {#Sec27}

Friedman ANOVA on **ACC** did not show significant main effects of role and congruency, nor a significant role × congruency significant interaction (chi square (16,3) = 3.22, p = 0.36), indicating that pairs reached an equal level of accuracy in all experimental conditions.

Analysis on GraspAsynch showed a significant main effect of congruency (*F*(1,15) = 6.84, *p* = 0.02, *η* ^2^ = 0.31), with greater asynchrony when participants performed opposite vs. same movements. All other *p*s \> 0.17.

Analysis on **∆**RT showed a significant main effect of congruency (*F*(1,15) = 75.07, *p* \< 0.00, *η* ^2^ = 0.83), indicating longer **∆**RT for opposite trials and a significant role × congruency interaction (*F*(1,15) = 5.27, *p* = 0.04, *η* ^2^ = 0.26) (Fig. [2](#Fig2){ref-type="fig"}). Note that positive **∆**RT values indicate that the participant in the adaptive role (either ASC or NT) started to move after his/her partner, while negative values indicate that he/she started to move before his/her partner. Post hoc tests showed that ∆RT values are longer in opposite vs. same trials (*p*s \< 0.001) and that only in same trials there is a difference in ∆RT, depending on which pair member takes the adaptive role (*p* = 0.02). This difference is not significant in opposite trials (*p* = 0.60).Fig. 2Difference in RT (*∆RT*) between participants playing in the same pair according to their interactional role and diagnostic status. *Lower and upper bars* correspond to the first and third quartiles respectively. *Horizontal dark lines* correspond to the median. \*\*\**p* \< .001, \*\**p* \< .01

Mean ∆RT was always positive in opposite trials (significant one sample *t* tests against zero ASC adaptive *t*(16) = 4.75; NT adaptive t(16) = 5.16, *p*s \< 0.001), meaning that the adaptive player always started to move after his/her partner, regardless of being ASC or NT. This was not the case for same trials, when ∆RT was positive only when NT had the adaptive role (one sample *t* tests against zero ASC *t*(16) = 0.92, *p* = 0.37; NT *t*(16) = 2.09, *p* = 0.05). That is, in same trials, ASC participants in the adaptive role started their movement at the same time as their partner, rather than waiting to see which grip their partner would make.

### Individual performance {#Sec29}

Analysis on RT showed a significant main effect of role (*F*(1,30) = 17.88, *p* \< 0.001, *η* ^2^ = 0.37), indicating that participants in the adaptive role exhibited longer reaction times than those in the instructed role. This effect was modulated by participants' autistic traits (role × AQ interaction = *F*(1,30) = 4.635, *p* = 0.039, *η* ^2^ = 0.13). To interpret this interaction, we subtracted individuals' RTs in the instructed condition from their RTs in the adaptive condition (higher positive values index participants' tendency to be slower when they need to adapt) and correlated this index with their AQ score. We found a negative correlation (*N* = 31, *r* = −0.40, *p* = 0.02), indicating that the lower the AQ, the longer the RT in the adaptive as compared to the instructed condition (i.e., indexing more strategic modulation of one's RTs) (Fig. [3a](#Fig3){ref-type="fig"}).Fig. 3Correlations between individual RT and number of autistic traits (AQ) according to role in the social interaction. **a** The higher participant's AQ, the smaller his/her RT difference for adaptive vs. instructed movements; **b** the higher participant's AQ, the faster his/her RT for adaptive movements; **c** the higher participant's AQ, the slower his/her RT for instructed movements

Additionally, we investigated the correlation between individual mean RTs and the AQ moderator separately for the adaptive and instructed conditions. We found a negative linear correlation in the adaptive condition (*N* = 30, *r* = −0.38, *p* = 0.04), indicating that the higher the autistic traits, the shorter the time taken to initiate the movement (i.e., less strategic adaptation) (Fig. [3b](#Fig3){ref-type="fig"}). We also found a positive correlation in the instructed condition (*N* = 30, *r* = 0.43, *p* = 0.02), indicating that the higher the autistic traits, the longer the time taken to initiate the movement (Fig. [3c](#Fig3){ref-type="fig"}).

Furthermore, results also included significant main effects of position (*F*(1,30) = 42.78, *p* \< 0.001, *η* ^2^ = 0.58) and congruency (*F*(1,30) = 90.84, *p* \< 0.001, *η* ^2^ = 0.75). The former indicates that RTs were longer for up than they were for down grasps; the latter indicates that opposite movements caused longer RTs than same ones. This latter effect was modulated by the autistic traits of participants (congruency × AQ interaction *F*(1,30) = 5.8, *p* = 0.02, *η* ^2^ = 0.16). To interpret this interaction, we subtracted individuals' RTs in the same condition from their RTs in the opposite condition (higher positive values index longer time to initiate the movement in opposite compared to same trials) and correlated this index with their AQ score. We found a positive correlation (*N* = 30, *r* = 0.53, *p* = 0.002), which indicates that the higher the AQ, the slower the RT in the opposite compared to the same condition (Fig. [4a](#Fig4){ref-type="fig"}). Additionally, we investigated the correlation between individual mean RTs and the AQ moderator separately for opposite and same trials. Correlational analysis showed that participants with higher autistic traits tended to show longer RT in opposite trials (*N* = 31, *r* = 0.38, *p* = 0.03) (Fig. [4b](#Fig4){ref-type="fig"}) and shorter RT in same trials (*N* = 31, *r* = −0.38, *p* = 0.03) (Fig. [4c](#Fig4){ref-type="fig"}).Fig. 4Correlations between individual RT and number of autistic traits (AQ) according to the congruency between observed and executed actions. **a** The higher participant's AQ, the greater his/her RT difference for opposite vs. same movements; **b** the higher participant's AQ, the slower his/her RT for opposite movements; **c** the higher participant's AQ, the faster his/her RT for same movements

Significant interactions include role × congruency (*F*(1,30) = 23.3, *p* \< 0.001, *η* ^2^ = 0.43), congruency × position (*F*(1,30) = 31.7, *p* \< 0.001, *η* ^2^ = 0.51), and role × congruency × position (*F*(1,30) = 22.0, *p* \< 0.001, *η* ^2^ = 0.42). The latter indicates longer RT in opposite-up trials for participants in the adaptive condition (*p* = 0.001). All other *p*s \> 0.16.

Analysis on MD showed significant main effect of congruency (*F*(1,30) = 5.15, *p* = 0.03, *η* ^2^ = 0.14) and position (*F*(1,30) = 5.7, *p* = 0.02, *η* ^2^ = 0.16). The former indicates longer MD in opposite vs. same trials; the latter indicates longer MD in up vs. down trials (as expected given the setup physical constraints), as well as a significant role × AQ interaction (*F*(1,30) = 6.15, *p* = 0.02, *η* ^2^ = 0.17). To interpret the latter interaction, we subtracted individual MD in the instructed from individual MD in the adaptive condition (higher positive values index longer movement duration in participants playing adaptive compared to instructed) and correlated this index with the AQ. We found a positive correlation (*N* = 31, *r* = 0.50, *p* \< 0.01). This indicates that the lower the AQ, the longer the MD in the instructed vs. the adaptive condition (Fig. [5a](#Fig5){ref-type="fig"}). The AQ moderator correlated negatively with MD in the instructed condition (*N* = 30, *r* = −0.58, *p* \< 0.01) and positively in the adaptive condition (*N* = 31, *r* = 0.50, *p* \< 0.01). This suggests that the lower the autistic traits in the instructed role, the longer the MD (Fig. [5b](#Fig5){ref-type="fig"}). The opposite pattern was true for the adaptive role (Fig. [5c](#Fig5){ref-type="fig"}).Fig. 5Correlations between individual movement duration (MD) and number of autistic traits (AQ) according to the role in the social interaction. **a** The higher participant's AQ, the greater his/her MD difference for adaptive vs. instructed movements; **b** the higher participant's AQ, the longer his/her MD for adaptive movements; **c** the higher participant's AQ, the shorter his/her MD for instructed movements

Analysis on MD also showed a significant role × congruency interaction (*F*(1,30) = 36.3, *p* \< 0.001, *η* ^2^ = 0.54) and a trend to significance of the role × congruency × AQ interaction (*F*(1,30) = 3.9, *p* = 0.06, η^2^ = 0.11). All other *ps* \> 0.12. To interpret the latter interaction, we subtracted individual MD in the instructed condition from individual MD in the adaptive condition. We did this separately for opposite and same trials, correlating this index with the AQ. We found a positive correlation for both opposite and same trials (*N* = 31, *r* = 0.43, *p* \< 0.02 and *N* = 31, *r* = 0.55, *p* \< 0.001), indicating that the higher the AQ, the longer the MD in the adaptive vs. instructed condition of both trials. These results indicate that participants with high autistic traits performed slower movements in the adaptive condition, regardless of their congruency with their partner's movement.

Experiment 2: non-social task {#Sec10}
-----------------------------

In experiment 2, we tested whether autistic traits modulate motor behavior and coordination abilities of ASC and NT participants in an individual coordination task. The task lasted approximately 1 h. As in the social task, participants had to grasp a bottle-shaped object in front of them, but this time they had to do so *in synchrony with* a dot (i.e., non-social stimulus) that moved on a screen toward two possible targets placed next to either the upper or lower part of the bottle (Fig. [6](#Fig6){ref-type="fig"}). Participants' grasping location was either spatially congruent or incongruent with the dot's final position on the screen. As in exp. 1, participants were told one of two things before each trial: (1) where to grasp the bottle (instructed condition), or (2) to grasp the bottle in the same/opposite position with respect to the dot, therefore having to on-line adapt to its trajectory (adaptive condition). We introduced the non-social task to control whether differences in motor performance and executive control per se (independently from the interactive context) were accountable for the results found in the social interactive task.Fig. 6Setup of the non-social task. Example of a congruent trial in which the participant is about to grasp the upper part of the bottle-shaped object with a precision grip and the *dot* is about to stop next to the upper target

Exp. 2 Methods {#Sec11}
--------------

### Exp. 2 setup {#Sec12}

Participants sat in front of a 120 × 100 cm table with a LCD monitor used for stimuli presentation. Stimuli consisted of 128 videos of a dot moving along a diagonal straight line toward one of two green rectangles placed next to the grasping points on the bottle. The dot started its movement from a location spatially similar to the starting position of the partner\'s hand in exp. 1. In order to prevent participants from predicting the dot's stopping time, its velocity profiles were taken from the kinematics of individuals' wrists while reaching and grasping the bottles. Videos were created using MatLab software. The dot's stopping times during the task were recorded by a photodiode attached to the screen and connected to a PC running E-Prime2 software via a TTL cable (Psychology Software Tools Inc., Pittsburgh, PA). Participants received auditory instructions as in exp. 1.

### Exp. 2 procedure {#Sec13}

As described in exp. 1, participants performed the task while following one of two different roles (instructed or adaptive, in counterbalanced order) and were asked to perform opposite or same movements with respect to the dot's trajectory and target location.

Trial-time line and Task structure is same as exp. 1.

### Exp. 2 data processing {#Sec14}

Only correct trials were entered in the analysis. Trials in which participants started their movement before hearing the auditory instructions were discarded, as were those in which the wrong part of the bottle was grasped (mean % per participant = 9, SD = 5, range = 1--21) (or used to compute ACC, see below).

For each trial, we considered the following behavioral measures:Accuracy (ACC): percentage of trials in which participant grasped the object in the correct location.Grasping asynchrony (ms) (GraspAsynch): trial-by-trial absolute time interval between participant's grasp time and dot's stop time \[abs(participant_grasp time − dot_stop time)\].Reaction time (ms) (RT): interval between delivery time of auditory instructions and start button release time.Movement duration (ms) (MD): interval between start button release time and grasp time.

### Exp. 2 data analysis {#Sec15}

The data analysis of experiment 2 is as Exp. 1.

Results {#Sec26}
=======

Exp. 2 {#Sec16}
------

### Individual performance {#Sec28}

Friedman ANOVA on **ACC** was significant (chi square (32,7) = 16.55, *p* = 0.02). We then ran a Wilcoxon matched pair test in order to investigate differences in ACC between roles and between congruency. None of the contrasts survived Bonferroni's correction for multiple comparisons (*p*s \> 0.02, corrected *α* = 0.05/4 = 0.01), indicating that participants reached an equal level of accuracy in all experimental conditions.

Analysis on GraspAsynch showed significant main effects of role (*F*(1,30) = 55.19, *p* \< 0.001, *η* ^2^ = 0.64) and position (*F*(1,30) = 16.14, *p* \< 0.001, *η* ^2^ = 0.34). The former indicates that participants in the instructed role were more synchronous with the dot than in the adaptive role; the latter indicates that participants were more synchronous with the dot when grasping the lower part of the bottle. Results also included significant congruency × AQ (*F*(1,30) = 4.24, *p* = 0.048, *η* ^2^ = 0.12) and role × congruency (*F*(1,30) = 6.45, *p* = 0.016, *η* ^2^ = 0.17) interactions, explained by the significant third level Role x Congruency x AQ interaction (*F*(1,30) = 4.95, *p* = 0.03, *η* ^2^ = 0.14).

To interpret this last interaction, we calculated an index of the significant effect (the GraspAsynch difference between opposite and same trials, collapsed for the factor position as it did not interact with the others) for each role and correlated it with the AQ moderator (higher positive values indexing participants' tendency to show worse GraspAsynch when performing opposite movements compared to same ones).

Correlational analysis revealed a positive linear correlation between AQ and adaptive (opposite-same) index (*N* = 31, *r* = 0.49, *p* = 0.005) where the higher the autistic traits, the worse the performance (i.e., greater asynchrony) in the opposite vs. the same condition (Fig. [7a](#Fig7){ref-type="fig"}). This suggests that participants with higher autistic traits were less able to ignore the dot's spatially incongruent trajectory and target location in the adaptive role. Instead, the correlation between AQ and instructed (opposite-same) index was not significant (*N* = 31, *r* = 0.03, *p* = 0.85) (Fig. [7b](#Fig7){ref-type="fig"}). All other *p*s \> 0.10.Fig. 7Correlations between individual grasping asynchrony (GraspAsynch) and number of autistic traits (AQ) according to movements' congruency and participant's diagnostic status. **a** No significant relationship between participants' AQ and their GraspAsynch difference between opposite vs. same instructed movements, **b** the higher participant's AQ, the larger his/her GraspAsynch difference for opposite vs. same adaptive movements

Analysis on RT showed significant main effects of role (*F*(1,30) = 260.00, *p* \< 0.001, *η* ^2^ = 0.90), and congruency (*F*(1,30) = 55.74, *p* \< 0.001, *η* ^2^ = 0.65) that are explained by the significant second-order role × congruency interaction (*F*(1,30) = 36.61, *p* \< 0.001, *η* ^2^ = 0.55). This indicates that participants showed longer RTs in opposite vs. same trials when taking the adaptive (*p* \< 0.001) but not the instructed (*p* = 0.33) role. Results also show a significant role × position interaction (*F*(1,30) = 14.70, *p* \< 0.001, *η* ^2^ = 0.32), indicating that RTs are longer for up trials when taking the instructed (*p* = 0.001) but not the adaptive (*p*= 0.07) role. The absence of significant interactions with the AQ moderator (all *p*s \> 0.13) indicates that autistic traits did not modulate participants' RTs in the individual coordination task. All other *p*s \> 0.21.

Analysis on MD showed significant main effects of congruency (*F*(1,30) = 94.41, *p* \< 0.001, *η* ^2^ = 0.75) and position (*F*(1,30) = 94.41, *p* \< 0.001, *η* ^2^ = 0.75), as well as a significant congruency × position interaction (*F*(1,30) = 4.25, *p* = 0.048, *η* ^2^ = 0.12) that was explained by the significant higher order role × congruency × position × AQ interaction (*F*(1,30) = 6.07, *p* = 0.01, *η* ^2^ = 0.17). To interpret this last interaction, we calculated the difference between individuals' mean MD in opposite minus same trials for each role and position, and correlated it with the AQ moderator. Correlational analysis revealed a positive linear correlation between AQ and the adaptive (opposite-same) down index (*N* = 32, *r* = 0.36, *p* = 0.04). This indicates that in the adaptive role, movement duration in the opposite down trials is longer the higher the autistic traits. This suggests that when performing a down movement in the adaptive role, participants with higher autistic traits were less able to ignore the dot's upward spatially incongruent trajectory and target location. All other *p*s \> 0.12.

Discussion {#Sec17}
==========

The goal of the present study was to investigate cooperative motor behavior of participants on a continuum from neurotypical development to autism. Given the high variability within the autism spectrum and the often blurry distinction between neurotypical and neurodiverse behavior when considering ASC individuals without cognitive disability, we favored an investigation that would go beyond dichotomous diagnostic boundaries. Our study addressed if and how the number of autistic traits impacts participants' ability to aid motor cooperation and facilitate on-line interpersonal coordination by predicting and adapting to the movements of a partner, as well as by adjusting one's behavior depending on the role taken during the interaction.

Social interactive task: the higher your autistic traits, the less you wait for your partner's movement {#Sec18}
-------------------------------------------------------------------------------------------------------

Pairs of ASC and NT participants were less coordinated (i.e., synchronous) when they had to perform opposite movements, regardless of which pair member took the adaptive or instructed role. Previous results on pairs of NT participants \[[@CR18], [@CR44]\] instead showed no difference in coordination between same and opposite trials. Such an unexpected difference may be related to the fact that interaction is facilitated by within-group similarities in communication and interaction styles \[[@CR45], [@CR46]\], while interactions between out-group individuals may be more difficult \[[@CR40]\]. Results on the difference in reaction times showed that when NT played adaptive, they always waited for their instructed partner to start his/her movement. This was not the case for ASC participants, who did not wait for their partner when performing same movements. A possible interpretation is that ASC participants may not feel the need to gather additional information from their partner's movement in same trials and therefore start to move independently from him/her as soon as they hear the instructions. This is supported by individual reaction time results from the adaptive condition showing that the higher the autistic traits, the faster participants started to move.

Social interactive task: the higher your autistic traits, the less you modulate your movement duration according to your role {#Sec19}
-----------------------------------------------------------------------------------------------------------------------------

Modulation of action planning and execution during joint action depends on the role individuals take to achieve the shared goal \[[@CR19], [@CR47]\]. In our task, successful coordination required participants not only to represent their individual task (e.g., grasp the bottom part of the bottle) but also to integrate it with their partner's one (i.e., guide the interaction when playing instructed or adapt to their partner when playing adaptive). Our results show that in the instructed condition, participants took more time to perform movements than in the adaptive condition and that this was more true for participants with low autistic traits.

A number of studies have found that ASC participants have longer reaction times and movement durations than controls in simple goal-directed reach-to-grasp movements. These results have been interpreted either as atypical movement planning \[[@CR48]--[@CR52]\] or atypical action execution \[[@CR53]\].

Our findings seem unlikely to be related to either movement planning or execution deficits per se, as the differences in motor behavior are selectively modulated by the role taken in the interaction. We interpret them in the light of previous studies on sensorimotor communication strategies during joint action, which found that neurotypical participants engage in systematic modulations of their movements to foster coordination and synchrony \[[@CR10], [@CR13], [@CR15], [@CR18], [@CR19], [@CR26]\].

When taking the instructed role, our participants with low autistic traits may have therefore slowed their movement in an attempt to reach better pair synchronization by making adaptation easier for their partner. In the adaptive condition, on the other hand, participants with low autistic traits showed shorter movement duration, possibly because they had to keep up with their high autistic traits partner who did not slow his/her movement to foster coordination. ASC reduced use of communicative and adaptive strategies to facilitate coordination during joint action suggests a difficulty in on-line updating individual actions according to the constraints of the interactive task, which might relate to the ASC tendency to not benefit from an interactive context, e.g., when they have to detect an interacting agent presented via point light display \[[@CR54]\]. On the one hand, this might be linked to the ASC difficulty in picking up subtle, interactive-related cues from another person's kinematics, and to ASC reduced use of such cues during an interaction. On the other hand, previous studies have shown that ASC children are able to cognitively represent another person's task, as well as his/her relative needs \[[@CR30]\], and that ASC adults are even interfered by it when playing next to another individual \[[@CR55]\]. This may suggest that the absence of role-based adjustment of motor behavior in participants with high autistic traits might not be due to a lack of understanding that one's partner has a different role, but rather to a reduced ability in recruiting strategies aimed to facilitate the other's task \[[@CR13]\].

Non-social task: the higher your autistic traits, the more you are interfered by a non-social stimulus {#Sec20}
------------------------------------------------------------------------------------------------------

The results of our non-social reach-to-grasp task are informative about individuals' motor performance in a way that goes beyond the social nature of the interactive task and support the idea that the social task's results do not depend on AQ-related differences in motor planning or execution. Coordination performance in the adaptive-opposite condition was predicted by participants' autistic traits, i.e., the higher the autistic traits, the worse participants were able to synchronize with the dot when they had to move toward an opposite location. Worse performance in opposite vs. same trials can be considered as evidence of interference effect exerted by the incongruent trajectory of the observed dot over participants' movement execution. Previous studies found no difference in the interference effect when NT and ASC participants observe real human motion or a dot moving with a biological velocity profile \[[@CR56], [@CR57]\]. Further, no group difference was found in classical response compatibility tasks where the observed movement is irrelevant \[[@CR58]--[@CR60]\]. Accordingly, autistic traits in our task did not predict performance in the instructed condition, where no on-line coordination in space was required. On the contrary, autistic traits modulated the interference effect exerted by the dot in the adaptive condition, when participants needed to take the dot's trajectory into account in order to on-line adapt to it and select the target location. Given the significant interaction between role (instructed/adaptive) and congruency (same/opposite), we interpret our results as evidence of ASC difficulty in both ignoring the dot's opposite trajectory and target location and inhibiting the automatic tendency to follow a similar trajectory, which might relate to ASC-reduced executive control \[[@CR61]--[@CR63]\]. Consistent with our results on synchrony performance, participants with higher autistic traits showed longer movement duration in the adaptive-opposite condition, which could be regarded as another index of interference effect. Due to the setup's physical properties, this interference effect might only become apparent when participants follow the dot and go up, while all that is required is to go down and grasp the bottom part of the object.

Motor difficulties, often present in ASC individuals \[[@CR64], [@CR52]\], could contribute to the AQ-related differences found in the current experiments. The reach-to-grasp movement has been studied in autism \[[@CR65]\] and a recent review of ASC reach-to-grasp \[[@CR66]\] reports that ASC individuals show longer movement duration (\[[@CR67], [@CR68]\] but see \[[@CR36]\]), greater change in acceleration (\[[@CR68]\], but see \[[@CR65]\]), and slower reaction times (\[[@CR48]\] but see \[[@CR67]\]) than neurotypicals. In our non-social task, the fact that the number of autistic traits' effect on movement duration and synchrony is always based on the role played by participants seems to suggest that these effects are not related to action execution per se. In addition, the absence of an interaction with participants' autistic traits in the analyses on reaction times clarifies that, in a non-social context in which participants had to coordinate their reach-to-grasp movements with a non-biological stimulus, autistic traits do not predict differences in movement preparation and planning. Therefore, basic differences in motor behavior appear not to be responsible for the results of the social interactive task.

Conclusions {#Sec21}
===========

In this study, we investigated for the first time the influence of autistic traits on the ability to engage in a cooperative joint action task requiring predictive and adaptive abilities. We tested pairs of ASC and neurotypical participants in a joint-grasping task in which they had to synchronously grasp objects in front of them. By assigning participants to the instructed or adaptive role, we were able to investigate their ability to modify their behavior consistently with their role in order to ease coordination. We also tested participants in a non-social coordination task that allowed us to control for differences in motor execution per se. Results showed that higher autistic traits lessened participants' ability to modulate their joint action according to their interactive role in the social task. In particular, participants with high autistic traits did not wait for their partner and showed longer movement duration when performing both same and opposite actions during trials in which they needed to adapt to their partner's movement. No such effect was found in the conditions that did not require adaptation to the partner's movements nor was it found in the non-social task. Indeed, autistic traits did not predict differences in movement preparation and planning in the non-social task, thus ruling out the possibility that the results of the social interactive task were due to basic motor or executive function difficulties. Overall, reduced use of communicative and adaptive strategies to facilitate coordination during joint action seems to suggest that participants with high autistic traits might find difficult to on-line update their action plans according to the constraints of the interactive task. Such reduced interpersonal coordination strategies during on-line motor cooperation may shed light on various ASC difficulties in social interaction.

Study limitations {#Sec22}
-----------------

We should be cautious to generalize our results to the whole ASC population, as we only tested ASC individuals with no cognitive disability and, even if our sample size is consistent with that of similar published studies \[[@CR18], [@CR26]\], it consisted of a relatively small ASC group (*N* = 16) that may not represent ASC heterogeneity.

Having one ASC and one NT participant cooperating in the joint action task allowed us to investigate, for the first time, interactive dynamics when participants with different levels of social and communicative skills interact, as is often the case in real life. The present study did not also test the same NT participants playing with another NT. This condition would allow for the investigation of an additional experimental question, that is, whether NT participants change their motor behavior when they interact with ASC compared to a NT partner. We might expect NT participants to be more interfered by NT than ASC motor behavior, as it is more similar to their own and they might consider it more interpretable, informative, and reliable as a result \[[@CR64]\]. Future studies could clarify this issue.
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